Abstract: Amyloids are insoluble fibers which arise from inappropriately folded versions of proteins and have been associated with the pathology of many neurodegenerative diseases. α-Casein is one of the major components of the casein family which is known to show chaperone-like activity. Glycerol is a polyol compound which acts as a chemical chaperone to increase protein stability and inhibit protein aggregation. In this study, the effect of arginine and glycine on the chaperone ability of α-casein and glycerol against order aggregation of κ-casein was investigated and compared. We found that these additives reduced the chaperone ability of α-casein against the amyloid formation of κ-casein, especially in the presence of arginine. Importantly, our results show that the chaperone action of glycerol is enhanced in the presence of both arginine and glycine. Accordingly, our results suggest that these small molecules associated with glycerol, especially glycine, should be considered as a mechanism for the treatment of amyloid disease.
Introduction
Protein molecules may aggregate simply by physical association with one another without any changes in their primary structure (physical aggregation) or by formation of new covalent bonds (chemical aggregation) (Wang 2005) . Protein aggregation can be ordered or disordered. Amyloid fibrils are examples of ordered aggregates, whereas inclusion bodies are examples of disordered aggregates (Fink 1998) . Protein folding/unfolding intermediates are precursors to protein aggregation. It is the patches of contiguous hydrophobic groups in the folding/unfolding intermediates which initiate the aggregation process. The partially folded molecules can assemble into specific oligomers (nucleus or protofibrils). Depending on the amino acid sequence and the environmental conditions, this protein may end up as an amyloid fibril, a soluble oligomer or an amorphous aggregate (Fields & Alonso 1992; Uversky & Fink 2004; Wang 2005) .
Casein represents a family of phospholipid proteins in milk which form aggregation as casein micelles consisting of αS1-αS2-, β and κ-casein. Among these molecules, only αS2-casein and κ-casein contain cysteines, with two residues in each polypeptide chain (Kruif & May 1991) . κ-Casein, with a molecular weight of 19 kDa, is a specific milk phospho-glycoprotein that contains one serine phosphate and two cysteine (Cys11-Cys88) residues. κ-Casein on the surface of the micelle functions as an interface between the hydrophobic caseins of the micelle interior and the aqueous environment. It is also crucially important in stabilizing the micelle (Eigel et al. 1984; Walsta & Jenness 1984; Creamer 1991 Creamer , 1998 . κ-Casein normally has cross exchanges through S-S bonds between 3 to 8 monomer subunits. Fibril formation in κ-casein is induced by quaternary structural destabilization caused by the reduction of intermolecular disulfide linkages. The resulting monomer appears to be highly susceptible to temperature-dependent fibril formation (Creamer 1998; Thorn et al. 2005) .
α-Casein, with a molecular weight of 23.6 kDa, consists of 199 amino acids and 8 phosphate groups that are esterified to serine groups. It is composed of two subunits, αS1-and αS2-casein, with a ratio of approximately 4:1 (w:w) (Treweek et al. 2011) . The chaperone action of α-casein in preventing protein aggregation has been proven. It has been shown to act as a molecular chaperone in a manner very similar to intracellular small heat-shock proteins. It interacts with partially unfolded proteins through its solvent-exposed hydropobic surfaces (Bhattacharyya & Das 1999; Thorn et al. 2008) .
Glycerol is an osmolite component and belongs to the chemical chaperone family. The osmolites, by increasing the density of the solvent, cause restriction-free 780 A. Ghahghaei & M. Neyestani movement of proteins and thus inhibit folded protein aggregation. In the case of glycerol, the dominant factor in protein stabilization is the enhancement of the structure of the media or of the hydration layer of the protein (Gekko & Timasheff 1981; Papp & Csermely 2006) .
Small molecules, ribo-or deoxyribonucleotides, amino acids and monosaccharides, are organic compounds with low molecular weight which are not defined as a polymer and have high affinity to bind to a biopolymer, such as protein, nucleic acid or polysaccharide, and alter the activity or function of the biopolymer. Small molecules prevent interactions between large peptide surfaces and inhibit Aβ aggregation and could lead to therapies for Alzheimer's disease and other forms of neurodegeneration (Crabtree & Graef 2004) . In a study by Shiraki et al. (2001) , the effect of different amino acids was tested on thermal unfolding-induced aggregation and dilution-induced aggregation, and arginine exhibited the best results in preventing the formation of aggregates in both cases.
In this study, the effect of the small amino acid molecules, Arg and Gly, on the protective effects of α-casein has been examined and compared to that of glycerol. The chaperone activity of α-casein in preventing amyloid formation of κ-casein was reduced in the presence of both Gly and Arg. In the presence of Arg, however, the protective effect of glycerol increased, while Gly did not change its chaperone activity significantly. Thus, our studies show that in the presence of both Arg and Gly, the protective effect of glycerol is greater than that of α-casein in preventing the amyloid formation of κ-casein.
Material and methods
κ-Casein (23.6 kDa) and α-casein (19 kDa) were purchased from Sigma-Aldrich (St. Louis, USA) and used without further purification. Thioflavin T (ThT), NaN3, 1-anilino-8-naphthalene sulfonic acid (ANS), 1,4-dithiothreitol (DTT), Na2HPO4, L-arginine and L-glycine were also obtained from Sigma.
Thioflavin T study
The amyloid fibril formation of κ-casein (2.5 mg/mL) in the presence and absence of α-casein (1:1 molar ratio) and glyceol (10%) was investigated by incubation of the sample in 50 mM Na2HPO4, 20 mM DTT, pH 7.4 at 37
• C for 82 h in an incubator (A-Q, Germany). To accelerate fibril formation, samples were shaken at 210 rpm. The fibrillation of κ-casein was monitored using a Varian spectrofluorimeter (Varian, USA). Aliquots of 5 µL were sampled and amyloid formation was detected by the increase in ThT fluorescence (0.4 M in 50 mM, Na2HPO4, 0.05% (w/v) NaN3, pH 7.4). The excitation and emission wavelengths were set to 442 and 479 nm with 2.5 and 5 nm slit widths, respectively.
Fluorescence spectroscopy
Intrinsic fluorescence intensity was measured on samples containing κ-casein, α-casein, glycerol (10%) and small molecules (arginine and glycine) to investigate the effect of Arg and Gly on the environment of the tryptophan residues of α-and κ-casein, respectively. All solutions were prepared in a 50 mM Na2HPO4 buffer, 0.05% (w/v) NaN3 and pH 7.4 for 3 h at 37
• C. Control experiments for samples containing glycerol (10%) and α-casein were carried out separately in the presence of Gly and Arg. Fluorescence measurements were made with a Varian fluorescence spectrofluorimeter. Emission spectra between 300-400 nm were collected with an excitation at 295 nm with 2.5 and 5 nm slit width, respectively. Protein samples were placed in a 10 mm path-length quartz cuvette. The instrument was set at a voltage of 700 with a scan speed of 240 nm/min.
ANS binding assay
An ANS binding assay was used to assess changes in the hydrophobicity of the κ-casein upon interaction with α-casein and glycerol in the presence and absence of Arg and Gly. The experiments were performed in a 50 mM Na2HPO4 buffer, pH 7.4 and 0.05% (w/v) NaN3. The ANS absorbance measurements were made using a Varian spectrofluorimeter. The excitation and emission wavelengths were set to 400-600 nm, with 2.5 and 5 nm slit widths. The emission fluorescence intensity was measured in a 10 mm path-length quartz cuvette containing 500 µL of the sample that were titrated with 1 µL of 10 mM ANS stoke solution with 1 min of stirring after each addition. Titration was continued until the fluorescence intensity reached a plateau. All experiments were independently replicated at least three times, and the results are shown as means ± SEM.
Circular dichroism (CD) spectroscopy of α-casein
The overall secondary and tertiary structure of α-casein in the presence and absence of Arg and Gly was investigated using near-UV (250-350) and far-UV (190-250nm) spectroscopy at concentrations 0.4 and 0.2 mg/mL of protein, respectively. CD measurements were made using a Jasco J-810 spectropolarimeter (Jasco, Victoria, Canada) with a 1 cm path-length cuvette. CD spectra were recorded with a scan speed of 100 nm/min, data interval of 1 nm and response time of 2. Each spectrum was an average of 4 scans with a baseline.
Results
ThT binding studies κ-Casein, with extensive intermolecular disulfide bridges in its native state, is susceptible to destabilization of its quaternary structure by reducing agents (Rasmussen & Petersen 1992; Thorn et al. 2005) . In this study, the effect of Arg and Gly on the amyloid formation of κ-casein and also on the chaperone ability of α-casein and glycerol was studied and compared. Figure 1 shows the time course of ThT fluorescence for reduced κ-casein incubated at 37
• C indicating formation of amyloid in the protein (Farrell et al. 2003; Thorn et al. 2005; Ghahghaei & Shafiibafti 2010) . When Arg and Gly were added to κ-casein, however, a time-dependent decrease in ThT fluorescence was observed, indicating that these small molecules prevented the amyloid fibril formation of κ-casein such that they protected the protein from amyloid formation (Arg by 45.3% and Gly by 30.1%). The addition of α-casein reduced the amyloid formation of κ-casein by about 93%. In the presence of both Arg and Gly, however, α-casein prevented only Fig. 1 . Amyloid fibril formation of reduced κ-casein (K-CN; 2.5 mg/mL) in presence and absence of (A) α-casein (a-CN; 1:1 molar ratio), Arg and Gly (250 mM); and (B) glycerol (10%), Arg and Gly (250 mM). Protein was in 50 mM sodium phosphate buffer, 0.05% (w/w) NaN 3 , pH 7.4, and the incubation temperature was 37 • C. The amyloid formation begins by adding 20 mM DTT. Experiment was performed twice and fitted using of Sigmaplot software. 46.54% and 88.6% of κ-casein amyloid formation, respectively ( Fig. 1 , Table 1 ). The addition of 10% glycerol, instead of α-casein, to κ-casein as a chemical chaperone, prevents amyloid production by 86%. In contrast to α-casein, in the presence of both Arg and Gly, glycerol prevented approximately 99% of amyloid formation (Table 1) .
Intrinsic fluorescence studies
Further investigation of the effect of Gly and Arg on the structure of κ-casein and α-casein, and the protection ability of glycerol, was undertaken by measuring intrinsic fluorescence intensity. The intrinsic fluorescence of tryptophan residues is altered during the process of protein unfolding. Changes in fluorescence intensity can indicate alterations in the polarity of the environment of the tryptophan residues during interaction between the chaperone and the target protein (Swaisgood 1992) . α-Casein is composed of two subunits, αS1 and αS2, both of which have two tryptophan residues in the C-terminal, the residues at positions 164 and 199 in αS1-casein and the residues 109 and 193 in αS2-casein; whereas κ-casein has only one tryptophan residue at position 76 (Swaisgood 1992; ). Thus, α-casein showed higher fluorescence intensity than κ-casein (Fig. 2) . Adding Arg to reduced κ-casein increased the fluorescence intensity by 15%, whereas Gly showed no effect on the protein. By adding α-casein to κ-casein, the overall fluorescence intensity in the reduced κ-casein and α-casein mixture decreased by about 32% compared to the sum of the individual proteins. This indicates the formation of a complex between α-casein and κ-casein after mixing, thus implying conformational changes in the environment of the tryptophan residue in the two proteins during the chaperone action of α-casein (Dunker et al. 2002) . Adding Arg and Gly to the mixture of κ-casein and α-casein increased the fluorescence intensity by 16% and 17%, respectively, compared to the measurement in their absence. Given the significant effect of Gly and Arg on the fluorescence intensity of α-casein and the slight effect on the fluorescence of κ-casein, it can be concluded that increasing the amount of fluorescence intensity in the κ-casein and α-casein mixture in the presence of Arg and Gly is primarily related to the effect of those small molecules on the α-casein structure.
The addition of glycerol to κ-casein decreased the fluorescence intensity to about 17%. However, in the presence of Arg the fluorescence intensity of the κ-casein and glycerol mixture decreased further to 8%, whereas Gly increased the fluorescence intensity but did not have a significant effect on them. Since Arg decreased the fluorescence intensity in κ-casein and glycerol has low fluorescence intensity, such reduction must indicate change in the tryptophan residue of κ-casein during interaction with glycerol in the presence of Arg.
ANS binding to the mixture of α-casein and glycerol with reduced κ-casein in the presence and absence of Gly and Arg Further investigation of the effect of Arg and Gly on the changes in surface hydrophobicity of κ-casein, α-casein and glycerol was done by measuring the change in the exposed hydrophobicity of proteins using an ANS binding assay. Figure 3 shows the dependence of reduced κ-casein hydrophobicity on the relative amount of added ANS in the presence and absence of Arg, Gly, α-casein and glycerol. κ-Casein alone showed high ANS binding due to its large area of exposed hydrophobicity. When Arg was added to reduced κ-casein, the ANS fluorescence level decreased to 39.8%, while Gly had no effect on the ANS fluorescence intensity of the protein. A decrease in ANS fluorescence intensity to approximately 53.5% was observed after the addition of α-casein to κ-casein compared to the sum of them alone, due to the complex formation between κ-casein and α-casein. However, addition of Arg and Gly to the mixture of κ-casein and α-casein reduced the amount of ANS fluorescence intensity to 49.9% and 36.1%, respectively. Control experiments showed fluorescence enhancement of α-casein in the presence of Gly to about 32%, compatible with exposing more hydrophobic groups of protein. However, the addition of Arg to α-casein results in a decrease of fluorescence intensity to about 25%, which reflects the decrease in the exposed hydrophobicity. It can therefore be concluded that the decrease in the amount of ANS binding of reduced κ-casein and α-casein in the presence of Gly is probably due to complex formation between the proteins. It is also suggested that the decrease in ANS fluorescence for the reduced κ-casein and α-casein mixture in the presence of Arg most likely arises from the decrease in the exposure of the hydrophobic groups of both the reduced κ-casein and the α-casein to the solution.
By adding glycerol to the reduced κ-casein, the fluorescence intensity decreased to about 28.4% compared to the κ-casein alone. In the presence of Arg, the level of ANS binding in the reduced κ-casein and glycerol mixture decreased by 40% relative to what occurred in the absence of Gly (Fig. 3) . However, adding Gly to the mixture of κ-casein and glycerol did not have a significant effect on the fluorescence intensity. With regard to the controlled experiments in which Gly and Arg have no effect on the fluorescence intensity of glycerol, it can be concluded that reduction of fluorescence intensity of the mixture of reduced κ-casein and glycerol in the presence of Arg is due to a reduction in the exposed hydrophobic area of reduced κ-casein.
CD spectroscopy studies of α-casein in the presence and absence of Arg and Gly CD has been used extensively to give useful information about protein structure changes and ligand binding (Kelly & Price 2000) . The near-UV CD measurement of α-casein was made to obtain information about the effect of Arg and Gly on the tertiary structure of α-casein.
Change in the near-UV CD spectrum of α-casein alone and in the presence of Arg and Gly are shown in Figure 4A . α-Casein exhibits a positive ellipticity at 260 nm and a negative peak at around 287 nm due to 2 phenylalanine and 8 tyrosine residues, respectively. Adding Arg and Gly to α-casein shifted the signal of Trp residue to 295.5 and 294 nm, respectively. In ad- dition, both Gly and Arg shifted the positive peaks of Phe signal towards a higher intensity. Thus, small molecules have an effect on the tertiary structure of α-casein, especially in the area of phenylalanine residues (C-terminal).
The far-UV CD spectrum (Fig. 4B ) of α-casein showed a negative ellipticity at 203 nm and a second minimum at 222 nm, characteristic of an α-helical secondary structure. It also shows a positive peak at 197 nm, characteristic of β-sheet conformation similar in general features to that already observed by others (Creamer et al. 1981; Holt & Sawyer 1993; Treweek et al. 2011) . The contents of the secondary structure elements of α-casein in the presence and absence of Arg and Gly are shown in Table 2 . Figure 4B shows that adding Gly to reduced α-casein led to a decrease of negative CD signal in both 203 and 222 nm, which reflects increase stability of the helical region in the protein.
In the presence of Arg, in addition, increases in the amount of the β-sheet have been observed. Thus, in the presence of Arg, a transition to β-sheet in reduced α-casein has occurred, whereas Gly stabilized the structure of α-casein to some extent.
Discussion
We have investigated the effect of Arg and Gly on the chaperone activity of α-casein and glycerol in preventing the amyloid fibril formation of κ-casein. ThT binding showed an increase in the fluorescence intensity of reduced κ-casein at normal pH due to the formation of amyloid fibrils (Farrell et al. 2003; Thorn et al. 2005 ). The addition of Arg to κ-casein reduces the amount of fibril formation, while Gly had less effect in preventing amyloid formation in κ-casein. These results are in agreement with those of Shiraki et al. (2002) . This group achieved the same result, that Arg has the greatest effect in preventing the aggregation of different proteins in terms of weight and pI. This indicates the importance of the side-chain of charged amino acids in inhibiting aggregation, while Gly and other hydrophobic amino acids have little or no effect on the inhibition of amyloid formation. α-Casein effectively inhibited the amyloid formation of reduced κ-casein. This is in agreement with other studies (Morgan et al. 2005; Treweek et al. 2010; Ghahghaei et al. 2011 ) which showed that α-casein effectively inhibited amyloid fibril formation in α-lactalbumin and insulin. In the presence of Arg, the chaperone activity of α-casein decreased, while Gly had little effect on its chaperone activity. Since Arg has a protective effect on the κ-casein, it can be concluded that the decrease in the chaperone activity of α-casein in the presence of Arg is due to the structural changes in α-casein which affect its chaperone ability.
The intrinsic fluorescence results of κ-casein revealed that by adding α-casein, the fluorescence intensity of κ-casein decreased and this is indicative of the protective effect α-casein. In the presence of Arg and Gly, however, the fluorescence intensity of the κ-casein and α-casein mixture increased. According to the control experiments, both Arg and Gly reduce the environmental polarity of the Trp residues of α-casein, while they do not have much effect on the fluorescence intensity of κ-casein. This reduction may arise from the effect of small molecules on the polarity of the C-terminal Trp residues which affect their interaction with κ-casein (Shiraki et al. 2002 (Shiraki et al. , 2004 Arakawa & Tsumoto 2003) .
The ANS binding studies revealed that by adding α-casein to κ-casein, the fluorescence intensity of κ-casein was reduced as result of the interaction between the two proteins, and this is consistent with other studies (Lindner et al. 1998; . α-Casein prevented the formation of fibril structures in κ-casein by binding and protecting its hydrophobic regions from the solvent. In the presence of Arg, however, the fluorescence intensity of the κ-casein and α-casein mixture increased compared to its level in their absence, whereas Gly did not significantly alter their fluorescence intensity. According to the control experiments in which Arg and Gly changed the fluorescence intensity in α-casein, and consistent also with intrinsic fluorescence results, we can conclude that there is an alteration in the hydrophobicity of α-casein which reduces its ability to bind to the exposed hydrophobic area of κ-casein and therefore reduces its chaperone ability. Consistent with the results of ANS and intrinsic fluorescence, near-UV spectrum of α-casein showed differences in the position and intensity of bands in the presence and absence of Arg and Gly, and this reflects conformational changes of α-casein in the presence of these small molecules as well as subsequent changes in the surrounding environment of the aromatic residues. Following results seen by near-UV CD spectra, far-UV spectra obtained for α-casein revealed that in the presence of Arg, the β-sheet structure increased considerably. Glycine, however, produced only a slight distortion in the secondary structure of reduced α-casein.
According to the ThT results, glycerol as a chemical chaperone, showed lower chaperone ability compared to α-casein, however, it was found that the protection ability of glycerol increased in the presence of both Arg and Gly. This may be explained as follows: the chaperone ability of glycerol is due to its osmophilic and osmophobic effects on the polypeptide strand. It is also because of its effect on the properties of the surrounding protein solvent and the increase in its viscosity that there is an increase in the stability of the protein structure (Yancey & Somero 1980; Timasheff 1993) . It is known that glycerol repels non-polar substrates quite effectively. Glycerol interacts favorably with water by entering into the water network and strengthening the solvent structure. Its presence in the aqueous medium can cause migration of surface hydrophrobic groups into the interior of the protein. Such migration causes the tight packing of the three-dimensional structure of proteins (Scatchard et al. 1938; McDuffie et al. 1962; Sinanoglu & Abdulnur 1965; Gekko & Timash-eff 1981) . The studies of Gekko & Timasheff (1981) on the mechanism of protein stabilization in glycerolwater mixtures also indicate that either glycerol penetrates into the solvation layer of the protein and forms a larger solvation cover containing both water and glycerol molecules and/or the presence of glycerol can lead to greater order in the hydration layer around the protein compared to water solvent alone. Thus, the increase in the chaperone activity of glycerol in the presence of Arg can be due to interaction of Arg with glycerol via a guanidine group that increases hydrogen interactions between glycerol and water, and this increases order and hydration on the solvation layer of the protein. This causes more migration of hydrophobic groups into the interior of the protein and protects its native structure. Glycine, instead, has a direct effect on the protein stability and prevents amyloid formation in κ-casein (Arakawa & Tsumoto 2003) .
Consistent with the above result, intrinsic fluorescence results also showed that by adding glycerol to the κ-casein, the fluorescence intensity of κ-casein was reduced, indicative of the migration of Trp residue into the interior environment of the κ-casein. In addition, in the presence of Arg, the intrinsic fluorescence intensity of κ-casein and glycerol decreased. Since Arg has no effect on the fluorescence intensity of κ-casein, it can be concluded that this reduction is due to the effect of Arg on the glycerol. Nevertheless, adding Gly slightly increased the fluorescence intensity of the κ-casein and glycerol mixture. In the control experiments, Gly decreased the fluorescence intensity of κ-casein by stabilizing the protein via the preferential exclusion mechanism (Arakawa 1983) . It has been shown, however, that Gly acts as a bulking agent and therefore it decreases the chaperone ability of glycerol (Arakawa & Tsumoto 2003; Ghahghaei et al. 2011) .
The ANS binding results of glycerol and κ-casein showed considerable decrease in the exposed hydrophobic area in κ-casein and this decreased more in the presence of Arg. As mentioned above, this is due to the interaction between Arg and glycerol which increases its chaperone ability. In the presence of Gly, however, the ANS fluorescence intensity of the glycerol and κ-casein mixture was the same as in its absence.
Conclusion
In conclusion, our results indicate that in overall Arg and Gly both decreased the chaperone ability of α-casein to prevent amyloid fibril formation in κ-casein. The effect of amino acids is dependent on the nature of the amino acid side chain. It is postulated that α-casein is undergoing important structural changes primarily due to the Arg. This is probably due to the conformational changes in the hydrophobic areas of the α-casein, which occur during interaction with the target protein (Treweek et al. 2011) . The effect of glycerol, however, had the greatest increase in the presence of Arg. Arg enhances it through an interaction with glycerol which increases the hydrogen interactions between glycerol and water and subsequently increases order and hydration on the solvation layer of the surrounding protein. This prevents hydrophobic interaction and the amyloid formation of the protein. Glycine instead, has a direct effect on the protein stability, and this prevents amyloid formation in κ-casein. It appears that protein stability increased in the presence of these small molecules. These results suggest that due to the positive effect of the small molecules, especially Arg, on the chaperoning action of glycerol, they can be considered as a potential candidate, along with glycerol, for use in the treatment of amyloid diseases.
